The human gut microbiota is a crucial factor for the host's physiology with respect to health and disease. Metagenomic shotgun sequencing of microbial gut communities revealed that Prevotella copri is one of the most important players in the gastrointestinal tract of many individuals. Because of the importance of this bacterium we analyzed the growth behavior and the central metabolic pathways of P. copri. Bioinformatic data, transcriptome profiling and enzyme activity measurements indicated that the major pathways are based on glycolysis and succinate production from fumarate. In addition, pyruvate can be degraded to acetate and formate. Electron transport phosphorylation depends on fumarate respiration with NADH and reduced ferredoxin as electron donors. In contrast to Bacteroides vulgatus, P. copri showed a more pronounced dependency on the addition of CO 2 or bicarbonate for biomass formation, which is a remarkable difference between P. copri and Bacteroides spp. with important implication in the context of gut microbial competition. The analysis of substrate consumption and product concentrations from many P. copri cultures with different optical densities allowed a prediction of the carbon and electron flow in the central metabolism and a detailed calculation of growth yields as well as carbon and redox balances.
Introduction
In the last decade, it became evident that the human gut microbiota has major importance for health and disease, indicated by significant correlations between the taxonomic diversity and abundance of prokaryotes found in the gastrointestinal tract and the development of metabolic disorders Tremaroli and Bäckhed, 2012; Woting and Blaut, 2016) . It is obvious that the composition and the diversity of the gut microbiome changes over time due to variations in diet and antibiotic use. Moreover, the composition of the gut microbiota is known to vary greatly between healthy individuals. However, metagenome analysis gave evidence for the existence of three discrete enterotypes that represent specific states of the microbial community in the gastrointestinal tract of humans (Arumugam et al., 2011; David et al., 2013; Bäckhed et al., 2015) . These enterotypes were defined by their predominating species, which are either Bacteroides spp., Ruminococcus spp. or Prevotella copri. Although the concept of different enterotypes is currently a matter of debate (Knights et al., 2014) , the importance of P. copri in the intestinal tract of many individuals is well established. There is also evidence that the increase in P. copri abundance correlates with a severe reduction of Bacteroides spp. and other genera usually described as beneficial for their host (Arumugam et al., 2011; Scher et al., 2013) . In addition, P. copri is associated with alterations in glucose homeostasis and with a higher risk for the development of rheumatoid arthritis (Scher et al., 2013; Kovatcheva-Datchary et al., 2015) . In contrast, the occurrence of this bacterium is in general connected to healthy vegetable and fiber-rich diets, which is one of the reasons why the role of P. copri as a potential pathobiont is still controversially discussed Ley, 2016) .
Genomic and metagenomic analysis have revealed an extensive metabolic repertoire encoded in the gut microbiome. However, the characterization of the function and the metabolic activity of the intestinal bacteria has not kept pace with the growing knowledge of microbial diversity. It is now necessary to close the gap between microbial phylogeny and metagenome data by the analysis of the metabolic functionality and activity. This is crucial to fully understand the role of the intestinal microbiota and in particular of P. copri in human health and disease. While the predominance of P. copri seems to have a considerable impact on its host and the microbial gut community, the only physiological and biochemical data available for this organism derive from API tests and tentative pathway reconstructions based on automated genome annotations (Hayashi et al., 2007) . Therefore, we analyzed the central energy and carbon metabolism of P. copri in detail using bioinformatic, biochemical and cultural techniques. The results give essential insights into growth behavior and the mechanism of energy conservation of the organism and highlight possible key features for further investigations.
Results

Bioinformatic prediction of the central energy and carbon metabolism of P. copri
Since there is only scarce information available regarding the central energy and carbon metabolism of P. copri, the genome was manually scanned for relevant enzymes. It became evident that the genome of P. copri encodes all enzymes necessary for the EMP pathway ( Fig. 1) . However, the key enzymes of the oxidative branch of the pentose phosphate pathway and the KDPG aldolase and 6-phosphogluconate dehydratase of the EntnerDoudoroff pathway are apparently not present. Therefore, it is most likely that the Embden-Meyerhoff-Parnas (EMP) pathway is the central process in the cytoplasmic sugar degradation of P. copri. Interestingly, there are two genes encoding phosphofructokinases (PREVCOP_04138 and PREVCOP_03899), from which one is predicted to be ATP and the other pyrophosphate (PPi) dependent. From phosphoenolpyruvate (PEP) the pathway channels off into two branches. The first branch is initiated by a PEP carboxykinase (PREVCOP_05409) that carboxylates PEP to oxaloacetate (OAA) while generating ATP. OAA is then reduced to malate and further converted into fumarate, which acts as the electron acceptor for a fumarate reductase (PREVCOP_06242-44) in the respiratory chain of P. copri. Hence, succinate is produced as a respiratory end product. In contrast to most Bacteroides species (Fischbach and Sonnenburg, 2011) , P. copri lacks the ability to generate propionate from succinate because genes encoding the key enzymes methylmalonyl-CoA mutase, methylmalonyl-CoA epimerase and succinate: methylmalonyl-CoA transferase are missing. The second branch starts with the conversion of PEP to pyruvate by a pyruvate kinase (PREVCOP_04707). From here, pyruvate can be converted into acetyl-CoA either by a pyruvate: ferredoxin oxidoreductase (PREVCOP_03943) or by a pyruvate: formate lyase Fig. 1 . Prediction of the central carbon metabolism and the respiratory chain of P. copri. P. copri DSM 18205 was chosen as model strain of the species P. copri. Gene identifiers belong to this strain. One exception was the gene encoding the enolase that is probably located in a gap between two contigs. Here, the gene number of strain P. copri CAG:164 is indicated. Reactions checked by enzyme activities (see below) are indicated by black arrows. End products are shown in black boxes. Gluc, glucose; Gluc 6-P, glucose 6-phosphate; Fruc 6-P, fructose 6-phosphate; PPi, pyrophosphate; Fruc 1,6-BP, fructose 1,6-bisphosphate; GAP, glyceraldehyde 3-phosphate; DHAP, dihydroxyacetone phosphate; 1,3-BPG, 1,3 bisphosphoglycerate; 3-PG, 3-phosphoglycerate; 2-PG, 2-phosphoglycerate; PEP, phosphoenolpyruvate. Rnf, ferredoxin: NAD + oxidoreductase; Nqr, Na + -translocating NADH: quinone reductase; headless NDH1, NADH dehydrogenase (type 1) missing subunits NuoE-G. (PREVCOP_04273), which additionally produces formate as a fermentative product. The pyruvate: ferredoxin oxidoreductase releases CO 2 and reduced ferredoxin (Fd red ), which may be used as an electron donor in the respiratory chain of P. copri. Both reactions lead to the formation of acetyl-CoA, which is converted to acetate by a phosphotransacetylase (PREVCOP_04866) and an acetate kinase (PREVCOP_04865).
DHAP
The respiratory chain of P. copri consists of five membrane-bound complexes that are encoded in the genome of the organism (Fig. 1) . The first is a Na + -translocating ferredoxin: NAD + oxidoreductase (Rnf; PREVCOP_05976-81), which uses Fd red to reduce NAD + and creates a sodium ion gradient (Δµ Na + ) (Biegel et al., 2011; Poehlein et al., 2012; Schlegel et al., 2012) . The second complex is a NADH dehydrogenase (NDHI; PREVCOP_03617-26) that lacks the NADH oxidizing module (subunit NuoE-G) of the archetypal enzyme. Hence, it is referred to as a 'headless' variant of complex I. It is tempting to speculate that the enzyme uses Fd red to channel electrons into the menaquinone pool of the respiratory chain thereby translocating protons across the membrane for the generation of an electrochemical proton gradient (Δµ H + ) (Weerakoon and Olson, 2008; Kröninger et al., 2016) . The third complex encodes a Na + -translocating NADH: quinone reductase (Nqr; PREVCOP_06318-24) that oxidizes NADH to transfer electrons into the menaquinone pool and also to establish a Δµ Na + across the membrane (Steuber et al., 2015) . Reduced menaquinone is reoxidized by a fumarate reductase (PREVCOP_06242-4) that uses fumarate as terminal electron acceptor (Cecchini et al., 2002) . In addition, electrons from the quinone pool can be transferred to molecular oxygen by a cytochrome bd quinol oxidase (PREVCOP_04485-6) under microaerophilic conditions. This electron transfer system leads to the generation of additional ATP and an increased molar growth yield (Baughn and Malamy, 2004) .
Transcriptional analysis of genes involved in the central energy and carbon metabolism of P. copri
To confirm the predicted central energy and carbon metabolism of P. copri, a detailed transcriptional analysis was performed. For that, total RNA was prepared from P. copri cultures grown in PYG and harvested during mid-log phase. mRNA concentrations were determined by qRT-PCR experiments using gene-specific primers of genes encoding key enzymes of the metabolism. For further validation, RNA preparations were also subjected to a whole transcriptome sequencing analysis to analyze the transcript abundance of all genes involved in glucose degradation.
According to the qRT-PCR data, almost all genes involved in the predicted pathways reached 4-20% of the transcript level of PREVCOP_06002, the referential housekeeping gene encoding the ribosomal protein L21 (RibL21) (Fig. 2) . In contrast, there was very low transcription of the genes encoding the Rnf complex and the cytochrome bd quinol oxidase, which questions the respiratory function of both complexes for the basic energy conservation in P. copri under the examined conditions. The genes coding for the 'headless' NDHI, the Nqr and the fumarate reductase reached 4, 7 and 14% of the reference 
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transcript concentration respectively. Therefore, it is very likely that these respiratory complexes play a major role in the energy conserving system of P. copri. Transcripts of both genes for the phosphofructokinases were also present, although the gene encoding the PPi-dependent enzyme showed an approximately twofold higher transcript level as the ATP-dependent protein (Fig. 2 ). Highest transcript abundance was found for genes encoding GAP dehydrogenase and PEP carboxykinase confirming the importance of the corresponding enzymes for the EMP pathway and the pathway for the synthesis of fumarate as final electron acceptor of the anaerobic respiratory chain. In addition to qRT-PCR analysis, whole transcriptome sequencing was performed, which led to the quantification of transcript abundance on the genome-wide scale. Consistent with the qRT-PCR results, genes encoding enzymes involved in the central carbon and energy metabolism showed medium to high expression levels ( Fig. 3) . In particular, genes encoding proteins involved in the fumarate-producing pathway and the EMP pathway as well as genes for the subunits of the ATP synthase showed the highest transcript concentrations. Moreover, all genes coding for subunits of the fumarate reductase, Nqr and the 'headless' NDHI were moderately expressed. In contrast, almost no transcripts were detected for the subunits of the cytochrome bd quinol oxidase. Very low transcript abundance was found for the genes of all subunits of the Rnf complex. To evaluate and confirm the outcome of the qRT-PCR experiments and the whole transcriptome sequencing approach, enzyme activity assays in cytoplasmic and membrane fractions of P. copri were performed. As shown in Table 1 all central enzymatic reactions displayed measurable activities in the respective fraction confirming the predicted pathway on protein level. In general, the activities of the soluble enzymes ranged between 0.16 and 0.54 U/mg protein, which cover all enzymatic steps of glycolysis. Interestingly, the activity of the PPi-dependent PFK was three times higher compared to the ATP-dependent protein. This indicates a more central role for the PPi-dependent enzyme in the course of glycolysis in P. copri, which is also in agreement with the results of the qRT-PCR. The enzymes involved in fumarate production revealed very high activities (<20 U/mg protein) underlining the relevance of the proteins for the catabolic metabolism as the gate to fumarate respiration. The membrane-bound respiratory enzyme complexes Nqr and fumarate reductase showed activities of <1 U/mg protein. These values were in the same range compared to electron transfer reactions in membrane fractions of Bacteroides (B.) amylophilus (Wetzstein and Gottschalk, 1985) and B. fragilis (Macy et al., 1975) . In summary, our results confirm the importance of fumarate for anaerobic respiration in P. copri on protein level, which is consistent with findings in other species of the Prevotellaceae or the related Bacteroidaceae (Macy et al., 1978; Wetzstein and Gottschalk, 1985, Takahashi and Yamada, 2000; Baughn and Malamy, 2003) . No activity was measurable for the Rnf complex and the cytochrome bd quinol oxidase, which matches the qRT-PCR and transcriptome sequencing data, where only very low amounts of transcript of the respective genes were detectable. The absent activity of the Rnf complex, under the selected strictly anaerobic growth conditions, leaves the 'headless' NDHI as the only entrance to channel electrons from Fd red into the respiratory chain.
Growth behavior of P. copri
As essential part of the physiological analysis, the growth parameters of P. copri were determined using cultural and biochemical approaches. Overall, two media were used for cultivation: PYG as a rich and complex medium and DMMG as a defined minimal medium. The organism grew in both media with doubling times of 40 min (Fig.  S1 ) and 2.5 h respectively (Fig. 4) The maximum optical density at 600 nm (OD 600 ) was 2.6 in PYG medium (Fig. S1 ). Cultures in DMMG medium reached a maximum OD 600 of 1.5 (Fig. 4) , which corresponded to a cell mass of 0.6 g/L (Fig. S2) . Growth in DMMG only occurred when the medium was supplemented with hemin and vitamin K1 indicating a restricted capacity of P. copri for heme and quinone synthesis, which is known for several Bacteroides spp. and other human gut microbes (Macy et al., 1975; Sperry et al., 1977; Fenn et al., 2017) . Moreover, it became evident that the addition of HCO 3 -to the DMMG medium was essential for effective growth of P. copri (Fig. 5) . The organism required about 15 mM HCO 3 -for half maximal growth. Only concentrations above 20 mM resulted in maximal biomass formation during growth in DMMG medium. CO 2 /HCO 3 -is probably needed for the carboxylation of PEP to OAA by the PEP carboxykinase. In contrast, B. vulgatus showed a less pronounced HCO 3 -dependence and reached high maximal growth yields even at low HCO 3 -concentrations (~10 mM) (Fig. 5 ). Half maximal growth was already observed at 3 mM HCO 3 -, which is five-times lower in comparison to P. copri. This is probably due to the fact that B. vulgatus is able to release CO 2 in the course of propionate formation from succinate (Caspari and Macy, 1983; Reichardt et al., 2014) , which can be used by the PEP carboxykinase. In summary, the CO 2 -dependence is a remarkable difference between P. copri and members of the genus Bacteroides. Data on CO 2 /HCO 3 -content in the intestinal tract of healthy human individuals are scarce. Hence, we performed a small survey with 10 healthy volunteers to analyze the HCO 3 -concentration in feces. While the average pH value was 7.3 ± 0.3, the average HCO 3 -concentration was 21 ± 9 mM. However, the HCO 3 -concentration ranged in total from 10 to 40 mM indicating that in individuals with bicarbonate concentrations lower than 20 mM the growth of P. copri in the gastrointestinal tract is probably limited.
Growth of P. copri was also dependent on the sodium ion concentration in the medium (not shown). Half maximal growth was reached at a Na + concentration of 10 mM.
While maximal final optical densities were found at 20 mM NaCl, higher Na + concentration led to a reduction of the growth yield. For further investigation of growth characteristics of P. copri, the end products of glucose conversion in DMMG and PYG medium were determined by HPLC analysis respectively. Succinate, acetate and formate were found as the only products of glucose fermentation in both media, which is in agreement with our proposed metabolic model. To analyze the fermentation pattern in minimal medium in detail, 35 cultures grown in DMMG medium (50 ml) were harvested at different optical densities in the exponential growth phase. The supernatant was used for product analysis while the cell pellets served for cell dry masses determination. A clear correlation was observed between optical density and dry weight in the exponential growth phase, which was 0.40 ± 0.06 g dry weight per optical density of 1 (Fig. S2) . It is well-known that Bacteroides strains synthesize storage polysaccharides from glucose (Lindner et al., 1979; Lou et al., 1997; Takahashi and Yamada, 2000) . Intracellular polysaccharides were also detected in exponentially grown P. copri, which made up 5.0 ± 0.9% of the cell dry weight (not shown).
For the exact determination of the growth behavior of P. copri, product and substrate concentrations were correlated to the dry weight of the respective culture (Fig.  6) . The fermentative end products succinate and acetate were detected in almost similar amounts of 22.7 mmol/g DW and 22.6 mmol/g DW. While the quantification of formate showed a lower value of 5.5 mmol/g DW. Glucose consumption was 29.1 mM per g DW resulting in a growth yield of 34.4 g DW/mol glucose. Taken together, the flow of intermediates in the central catabolic pathways during growth on glucose could be calculated on the basis of product formation (Fig. 7) . From the product spectrum it is evident that one of the central intermediates was pyruvate (22.6 mmol/g DW) that was converted to acetyl-CoA + formate (5.5 mmol/g DW) by the pyruvate: formate lyase and to acetyl-CoA + CO 2 + Fd red (17.1 mmol/g DW) by the pyruvate: Fd oxidoreductase. The second central intermediate was PEP that was converted to OAA (via carboxylation) and finally to succinate (22.7 mmol/g DW) and to pyruvate (22.6 mmol/g DW). Hence, the total PEP amount was 45.3 mmol/g DW that originated from 22.65 mmol glucose/g DW. Taking the total glucose consumption (29.1 mM/g DW) into account, it is evident that 6.45 mmol/g DW was used for anabolic processes for the generation of cell mass. Additionally, carbon was incorporated from CO 2 (22.7 mmol/g DW) by the PEP carboxykinase, whereby 17.1 mmol/g DW CO 2 was produced via pyruvate decarboxylation. Overall, 5.6 mmol CO 2 /g DW was consumed.
Hence, the fermentation equation can be summarized as follows: From the numbers above it can be concluded that 38.7 mmol carbon (6.45 mmol glucose consumed for cell mass production) was available for the generation of 1 g DW. To prove the data and to calculate the total carbon balance, an elementary analysis of lyophilised P. copri cells was performed revealing a carbon content of 48.5% of the total dry weight. That means that 1 g DW contains 0.485 g carbon or 40.4 mmol carbon per g DW. Hence, 96% of the necessary carbon was provided by the anabolic degradation of glucose. The remaining carbon probably derived from cysteine, which was added to the medium for oxygen reduction.
Another important factor for the metabolism and cell growth is the redox balance. From Fig. 7 it is evident that 124.8 reducing equivalents [H] were produced in the course of catabolic glucose consumption. This number can be calculated from the conversion of GAP to 1,3-BPG (45.3 mmol NADH/g DW) and from the oxidative decarboxylation of pyruvate to acetyl-CoA (17.1 mmol Fd red /g 
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A B C D (Table 2) . Cystein in the medium might provide the remaining reducing equivalents. In summary, the determination of substrate consumption and product formation from more than 30 cultures with different optical densities resulted in a detailed calculation of growth yield, carbon and redox balance.
Discussion
The human gut microbiota is a central factor for the host physiology (Walsh et al., 2014; Flint et al., 2015) . There is a wealth of evidence indicating that changes in the composition of the human gut bacteria e.g., due to malnutrition can lead to abnormal host metabolism and a variety of diseases (Blaut and Clavel, 2007; Clemente et al., 2012; Louis et al., 2014; Wu et al., 2015) . Therefore, there is an increasing interest in exploring the gut microbiota and its functional impact. The most abundant gut microbes in the human large intestines belong either to the phyla Firmicutes or to the Bacteroidetes (The Human Microbiome Project Consortium, 2012; Johnson et al., 2017) . Of the latter, the majority is dominated by the genera Bacteroides or Prevotella, which exhibit a mutual antagonistic relationship within the gastrointestinal microbiota of humans Ley, 2016; Johnson et al., 2017) . Prevotella is a genus of Gram-negative, obligate anaerobic, non-motile rods (Hayashi et al., 2007) . Though most human associated Prevotella spp. were isolated from the oral cavity, there are currently four species known to inhabit the human large intestines, from which P. copri is by far the most abundant member of the genus Prevotella (Hayashi et al., 2007; The Human Microbiome Project Consortium, 2012; Kovatcheva-Datchary et al., 2015; Ley, 2016; Guilhot et al., 2017) . In contrast to gut derived Bacteroides spp., the organism is strongly associated with a plant based diet (Requena et al., 2018) , but also abundant in patients with new-onset rheumatoid arthritis (Scher et al., 2013; Pianta et al., 2017) . Moreover, P. copri is connected to positive modulations of its host´s glucose homeostasis and is even inversely correlated to autism (Kang et al., 2013) . Overall, these findings question the organism´s role within the intestinal microbiota of humans.
While most human associated Prevotella spp., particularly those isolated from the oral cavity (e.g., P. intermedia and P. nigrescens), are specialized on the degradation of nitrogenous compounds (Takahashi and Yamada, 2000) , P. copri is adapted to its environmental niche, where complex polysaccharides are frequently available substrates 
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h number from (f) minus number from (g). i number from (h) multiplied by 2. j 45.3 mmol NADH from GAP oxidation plus 17.1 mmol Fd red from pyruvate oxidation minus 45.4 mmol NADH for OAA reduction to succinate (Fig. 7) . k Addition (e) plus (j) = 42.13. l 42.13 × 100/43.34. (Flint et al., 2008; Accetto and Avguštin, 2015) . Being strictly dependent on a sugar source, P. copri possesses a tremendous number of genes encoding enzymes for the use of a wide range of dietary polysaccharides, such as starch, xylans and pectin (Accetto and Avguštin, 2015; Kovatcheva-Datchary et al., 2015) . These polymers are finally degraded into monosaccharides and can enter the central carbon metabolism. Our analysis indicated that the major pathways are based on glycolysis and succinate production from fumarate via PEP carboxylation and malate reduction. In addition, pyruvate can be degraded into acetate and formate. The anaerobic electron transport system is based on fumarate respiration with the key enzyme fumarate reductase. Reducing equivalents for fumarate reduction derive from NADH or Fd red that are formed from glycolysis and acetate production. Nqr is responsible for NADH oxidation while the headless NDHI might use Fd red for menaquinone reduction in the membrane. Both processes are probably coupled to ion translocation (H + or Na + ) across the membrane for the generation of an electrochemical ion gradient that is used for ATP synthesis.
Transcript abundances of the genes encoding the cytochrome bd-type quinol oxidase (bd quinol oxidase) were very low indicating that the genes are repressed under strict anaerobic conditions. However, it was shown that the bd quinol oxidase of B. fragilis leads to a stimulation of growth in the presence of nanomolar concentrations of O 2 (Baughn and Malamy, 2004) . Hence, the bd quinol oxidase of P. copri could be of importance under microaerophilic conditions e.g., at the mucosal surface, where the P O2 is higher than within the intestinal lumen.
Our data suggest that P. copri possesses a very effective saccharolytic central metabolism that allows maximal energy conservation in the course of fementative and respiratory processes. This fact is also evident from the possibility to use rather PPi than ATP for glycolytic phosphorylation of fructose 6-P by the catalytic activity of the PPi-dependent phosphofructokinase.
It is to note that besides their competitive relationship P. copri and Bacteroides ssp. share many of the above-mentioned biochemical features (Macy and Probst, 1979; Fischbach and Sonnenburg, 2011) . Nevertheless, there is one crucial difference between the genera, which is the pronounced CO 2 requirement of P. copri. This finding might be of interest in the context of gut microbial competition and the establishment of enterotypes. In P. copri the production of the terminal electron acceptor fumarate from PEP requires a carboxylation step that cannot be compensated by decarboxylation of other intermediates of the central metabolism for the following reasons: (i) The organism is not able to produce propionate from succinate because the corresponding genes encoding methylmalonyl-CoA (MM-CoA) mutase, MM-CoA epimerase and succinate: MM-CoA transferase are missing. (ii) The only other decarboxylating reaction of the central carbon metabolism is the conversion of pyruvate to acetyl-CoA, which finally leads to the formation of acetate. Hence, the quantitative analysis of the end products indicated a net CO 2 consumption of 6 mmol/g DW. In comparison to rival Bacteroides spp. this is an outstanding difference, since most members of the genus Bacteroides have the possibility to directly compensate the CO 2 requirement by decarboxylating the respiratory end product succinate to propionate (Caspari and Macy, 1983) . Regarding the antagonistic relationship of the two genera, this could be a crucial factor contributing to the respective predominance of one of the genera in the human gastrointestinal tract.
While the CO 2 -dependence has of course an impact on the organism itself, it may also considerably affect the host. In contrast to Bacteroides spp., P. copri is not able to produce propionate and therefore generates succinate, acetate and formate as the only products of carbohydrate fermentation. In comparison with Bacteroides spp., this creates a different short chain fatty acid (SCFAs) composition that can be taken up by other microorganisms or by the host´s colonocytes (Fischbach and Sonnenburg, 2011; Tremaroli and Bäckhed, 2012; Vadder and Mithieux, 2018) . This crossfeeding in turn can probably promote or repress specific microbial species or even alter intracellular signals of colonocytes (Schauber, 2003; den Besten et al., 2013; Corrêa-Oliveira et al., 2016) . Therefore, it is indispensable to fully disclose the physiology and biochemistry of these bacteria to understand e.g., the effect of abiotic parameters such as Na + concentrations (as potential coupling ion in the energy conserving system of intestinal bacteria) and HCO 3 -content (as possible competitive factor for growth of Bacteroides and Prevotella) in the human gut. A shift from one predominance to another may therefore significantly change the overall SCFA composition inside the large intestines, which ultimately influences the multifactorial and complex interaction between the gut microbiota and its host. (Varel und Bryant, 1974) . Prior to inoculation, glucose (30 mM), L-cysteine (0.5 g/l) as reducing agent, vitamin K1 (0.1% (v/v) ) and hemin (5 mg/l) were added. DMMG was additionally supplemented with 1 ml/l vitamin solution (Wolin et al., 1963) and potassium butyrate (2 mM). To ensure culture purity, tetracycline (10 µg/ml) and kanamycin (50 µg/ml) were applied to cultures of P. copri and B. vulgatus respectively. Cells were grown at 37°C without agitation, and growth was quantified by measuring the optical density at 600 nm (OD 600 nm ). For the determination of the CO 2 -dependency, the DMMG medium was flushed with N 2 instead of N 2 /CO 2 and supplemented with different amounts of NaHCO 3 . Additionally, the medium contained 20 mM K-phosphate buffer (pH 7) for pH stabilization. For growth experiments regarding Na + -dependency, sodium salts in the DMMG medium were replaced by potassium salts. The residual Na + concentration was analyzed by a sodium electrode and was 0.3 mM.
Experimental procedures
Determination of intracellular polysaccharides
The determination of intracellular glycogen in P. copri cells was performed according to the method described in Del Don et al. (1994) .
Bioinformatic prediction of the central energy and carbon metabolism of P. copri
To predict the central metabolism of P. copri, the genome was manually scanned for relevant proteins by BLASTp analysis (Altschul et al., 1990 ) using a collection of well-characterized enzymes as references and the genomic data for the type strain P. copri DSM 18205 (Accession no. PRJNA30025).
Transcriptional analysis of genes involved in the central energy and carbon metabolism of P. copri
Transcriptional analysis of P. copri was performed by qRT-PCR experiments and whole transcriptome sequencing. Total RNA from P. copri DSM 18205 was isolated from 500 ml cultures grown in PYG to mid-exponential phase. The cultures were cooled in an ice-cold ethanol bath prior to centrifugation at 11 000 × g for 15 min and 4°C. For RNA stabilization and cell lysis, the cell pellets were resuspended in 10 ml TRI reagent (Sigma-Aldrich, Munich, Germany). Total RNA was extracted using 1-bromo-3-chloropropane and RNA Clean & Concentrator™-5 kit (Zymo Research, Freiburg, Germany) . RNA samples were treated with DNase I to remove residual DNA, and RNA concentrations were measured spectrophotometrically using a BioSpectrometer® (Eppendorf, Hamburg, Germany) according to a standard protocol. Additionally, control PCR experiments were performed to confirm that RNA samples did not contain DNA contaminations. For whole transcriptome sequencing the quality and integrity of the RNA preparation was determined with a Bioanalyzer (Agilent 2100) using a RNA600 LabChip Kit according to manufacturer's instructions (Agilent technologies, Waldbronn, Germany). Whole transcriptome sequencing was performed by BGI tech solutions Co., Ltd. (Hongkong, Republic of China) and transcriptomic data was analyzed via Artemis software (Rutherford et al., 2000) . Briefly, reads were aligned to the reference genome, and gene expression levels were obtained as reads per kilo base of gene per million mapped reads (RPKM).
Preparations of membrane and cytoplasmic fractions of P. copri
Membrane and cytoplasmic fractions were prepared from P. copri cells grown in 500 ml PYG medium to the exponential growth phase. Cells were harvested by centrifugation (6000 g, 20 min, 4°C) and resuspended in 15 ml 40 mM potassium phosphate buffer, pH 7.0, containing 5 mM dithioerythritol, and 1 mg mL -1 resazurin (K-phosphate buffer). The cells were lysed by sonication and the lysate was ultracentrifuged (150 000 × g, 4°C, 1.5 h). The supernatant containing all soluble compounds of the cells was carefully removed and was referred to as cytoplasmic fraction. The remaining pellet was homogenized in K-phosphate buffer and was again ultracentrifuged (150 000 × g, 4°C, 1.5 h). The supernatant was discarded and the membrane pellet was homogenized in 0.2 ml K-phosphate buffer. Membrane and cytoplasmic fractions were stored anaerobically at -70°C under a N 2 atmosphere. All preparation steps were carried out in an anaerobic chamber (Coy Laboratory Products, Grass Lake, MI, USA) under a 98% N 2 /2% H 2 atmosphere.
Enzymatic activity assays in membrane and cytoplasmic fractions of P. copri
For enzymatic activity assays see Supplementary information.
HPLC analysis of culture supernatants and determination of dry weights
Cells were harvested by centrifugation (6000 × g, 20 min and 10°C) at different OD 600 in the exponential growth phase. Supernatants were separated from cell pellets and used for HPLC analysis. For dry weight determinations, the cell pellets were washed twice with H 2 O and dried for 48 h at 120°C prior to weighing. HPLC analysis of culture supernatants was performed using an Aminex HPX-87H 300 mm × 7.8 mm column (Biorad, Munich, Germany) with 5 mM H 2 SO 4 at 65°C and a flow rate of 0.6 ml min -1
. SCFA detection was performed with a UV detector at 210 nm, while glucose detection was carried out using a refractive index detector. Concentrations were calculated by comparison to corresponding calibration curves.
Determination of the elemental composition of P. copri cells
P. copri cells were cultivated in PYG medium until late exponential growth phase and harvested by centrifugation (6000 × g, 20 min, 4°C). Cells were washed twice with H 2 O and lyophilized. Elemental analysis of the freeze-dried cells was carried out by Mikroanalytisches Labor Pascher (Remagen, Germany).
Determination of carbonate content of fecal samples
Fresh stool samples (20 g) were filled into serum flasks, using a funnel and diluted with 20 ml H 2 O. The pH value was measured using pH test strips. The flasks were sealed with butyl rubber stoppers and acidified by the addition of 2 ml HCl (6 M). The acidification resulted in the release of CO 2 from HCO 3 -in the fecal samples and the resulting overpressure was analyzed with a gas tight glass syringe. Fecal samples were taken from 10 healthy volunteers and replicates were done as triplets.
